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Introduction
Soot formation is a persistent problem in fossil fuel combustion. About 80% of soot mass from combustion sources is estimated to originate from surface growth [1] . Recent modeling and interpretation of soot surface growth (e.g., [2] [3] [4] [5] [6] [7] [8] [9] ) has been done mostly by assumption of chemical similarity to reactions of gaseous aromatic species [10, 11] and, specifically, by invoking the HACA mechanism [11] [12] [13] . This surface growth model is a repetitive reaction sequence of edge surface activation by gaseous hydrogen followed by addition of a gaseous hydrocarbon precursor (acetylene) to the surface radical site formed [12] .
The initial surface HACA model was based on the armchair edges of aromatics [13] , yet more recent work [14] [15] [16] [17] [18] has explored growth on zigzag edges, which can be formed by the filling of armchair edge boat sites. A gaseous acetylene molecule can adsorb onto an H-activated zigzag edge (i.e., add to a surface radical formed by H abstraction) and then react to form a fivemembered, cyclopenta edge ring. Theoretical investigation of zigzag edge reactions identified the possibility of migration of cyclopenta rings along the zigzag edge, .
(
The overall step (1) consists of a series of unimolecular transformations of the chemisorbed C 2 H 2 surface moiety mediated by hydrogen atoms [15, 17] .
The previous study [17] undertook a detailed analysis of the migration reaction: energetics were examined at several levels of quantum-chemical theory (DFT, MP2, and PM3), the elementary reaction rates of the migration process were obtained by solving energy transfer master equations (with the MultiWell code [19, 20] ), and graphene edge growth rates and evolving surface morphologies were obtained in sterically-resolved kinetic Monte Carlo (KMC)
simulations by augmenting the migration kinetics with estimated rates for eight additional surface steps describing adsorption, desorption, and transformation of the cyclopenta rings. The results obtained indicate that the migration step is sufficiently fast to compete effectively with other surface processes and thus should determine the resulting surface morphology and overall rate of surface growth. It is pertinent to mention that the kinetic model with the migration step included was shown to match closely experimental measurements of surface growth rates.
As one of the consequences of rapid surface migration, the previous authors [17] suggested that two migrating cyclopenta rings could react with one another to form a relatively stable surface species such as ,
possibly leading to graphene layer curvature. The latter phenomenon has mechanistic implications for the evolution of soot particle surface morphology, which has been receiving increasing attention [21] [22] [23] [24] , as well as to growth of fullerenic materials and carbon nanotubes [25, 26] .
The present study investigates this possibility, namely, the existence of an elementaryreaction pathway of combination of "colliding" cyclopenta rings on an aromatic zigzag edge.
We report the potential-energy surface (PES) for the new pathway obtained with quantumchemical calculations and reaction rates computed on the basis of these energetics. We compare computed reaction rates of the cyclopenta ring "collision" with rates of migration, as migration was one of the dominant steps of the previous kinetic model [17] . We also examine the contribution of desorption of reaction intermediates along the migration pathway.
Computational methods

Energetics
Density functional theory (DFT) was used to calculate the molecular and energetic parameters of all stable species and transition states involved in the cyclopenta migration and combination reaction sequences. The substrates for the two sets of calculations were modeled by the zigzag edges of anthracene and tetracene, respectively. These are the smallest aromatic molecules of sufficient size to represent the surfaces of interest, thereby minimizing computational expense.
Geometry optimizations were performed with the B3LYP hybrid functional [27] and the 6- [30, 31] . This shortcoming lessens the accuracy of rate constants derived from the calculated energetics yet allows for an order-of-magnitude analysis.
Force calculations were performed at each predicted stationary point to confirm the point to be an energetic minimum (no imaginary frequencies) or a saddle point (one imaginary frequency). Transition states were confirmed to connect the reactant and product stable species by visual inspection of normal modes corresponding to the imaginary frequencies calculated at the B3LYP/6-311G(d,p) level and by intrinsic reaction coordinate calculations at the B3LYP/3-21G level. Zero point energies were determined from the force calculations and scaled by a factor of 0.9668 [32] . All calculations were performed using the Gaussian 03 suite of codes [33] on an Intel Xeon cluster.
Kinetics
The kinetics of the reaction pathways were examined using the latest release of the MultiWell suite of codes [19, 34] . MultiWell employs a stochastic approach to solution of the master equations for energy transfer in unimolecular reaction systems [19, 35] . We performed computations for two models: thermal decomposition of radical intermediates, and chemicallyactivated combination of substrate molecules with gaseous H. Microcanonical rate constants for the elementary reactions of these models were calculated with MultiWell at the RRKM level of theory.
The key inputs to MultiWell-reaction barriers, frequencies, and moments of inertia-were assigned from the DFT calculations at the B3LYP/6-311G(d,p) level of the present study except where noted. Following Gilbert and Smith [36] the real frequencies below 150 cm -1 were examined by graphically visualizing the associated normal mode vibrations to identify internal rotational modes. Three modes were identified to have rotational character for stable species with an adsorbed -C 2 H x group: a one-dimensional torsion of the adsorbate with respect to the substrate about the C s -C bond and a two-dimensional precession rotation of the adsorbate.
Potential energy barriers to torsional rotation were calculated by relaxed potential energy scans at the B3LYP/3-21G level and were on the order of 1-5 kcal mol -1 . Reduced moments of inertia (I 1 ) for the one-dimensional rotation were taken as calculated by the MultiWell routine
MomInert [34] . The moment of inertia (I 2 ) for the precession rotation is a function of the precession angle and orientation of the one-dimensional rotor and can either be greater than or less than I 1 . Since the precession angle was small, 1 to 5 degrees, I 2 was taken to be equal to I 1 .
While the one-dimensional and two-dimensional rotations are probably coupled, the present calculations were conducted under the assumption that the two rotors are independent of each other. The sensitivity of the kinetics calculations to this assumption is discussed in Section 3.2.
The sums and densities of states for intermediate species and transition states were determined by exact count with a grain size of 10 cm -1 , maximum energy of 200,000 cm -1 , and the dividing level between the high and low energy regimes set at 2500 cm -1 . Suggested numerical tests [19, 20] established that these settings provide sufficient accuracy for simulations of the systems being studied. Lennard-Jones parameters for the reactants and intermediates were taken from an empirical correlation [37] . Argon was chosen as the bath gas collider. The collisional energy transfer was treated by the exponential-down model with <∆E down > = 260 cm
based on the data of Hippler et al. [38] .
MultiWell simulations were performed for temperatures ranging from 1500 to 2500 K and pressures ranging from 0.1 to 10 atm, spanning conditions from typical laboratory studies to practical combustion devices. The numerical runs were carried out for reaction times ranging from 1×10 -7 to 6×10 -5 s. For each set of conditions, between 1×10 6 and 2.5×10 7 stochastic trials were performed to maintain statistical error in the species fractions to within 1 to 4%.
Results and discussion
Simultaneous migration and desorption of cyclopenta rings
In the previous study [17] , the rates of surface reactions other than the migration sequence were estimated based on chemical analogy. Specifically, the desorption rate of an adsorbed cyclopenta ring, reaction S2 in Ref. [17] ,
was assumed to be initiated by H abstraction, independent of the cyclopenta ring migration step, which is initiated by H addition. Here we test this assumption by adding products of decomposition of the intermediate species to the cyclopenta migration reaction sequence. The relatively small size of the migration reaction system makes it computationally feasible to investigate the intrinsic competition between migration and desorption at the level of theory adopted in the present study.
The potential energy diagram for the augmented migration reaction sequence is shown in is 27 kcal mol -1 and that to 7 is 35 kcal mol -1 .
The reaction rate constants for production of 1', 6, and 7 by thermal decomposition of 2 and by chemically-activated combination of H-atom with substrate molecule 1 are given in Tables   1-4 . For comparison, the reaction rates for production of 1' calculated excluding desorption product channels are given in the same tables. Inspection of the results indicates that cyclopenta ring desorption (2 → 6 and 2 → 7 in Tables 1-3 and 1 → 6 and 1 → 7 in Table 4 ) approaches and overcomes migration (2 → 1 in Tables 1-3 and 1 → 1' in Table 4 ) in the temperature range studied. As a consequence, the rate of migration decreases with the inclusion of desorption steps.
The results obtained demonstrate that the unimolecular decomposition of surface intermediates, including desorption of cyclopenta rings, is competitive with migration kinetics.
Yet, the computed rates of these decomposition processes, reaction steps 2 → 6 and 2 → 7 in Tables 1-3 , are on the order of 10 5 s -1 at high temperatures (or similarly steps 1 → 6 and 1 → 7
in Table 4 ) and hence are comparable with and even lower than those of bimolecular reactions of the decomposition products with gaseous species. For instance, at flame conditions, the rates of H addition to surface radicals or unsaturated C-C bonds are on the order of 10 
Internal rotations
Visual inspection of the normal modes indicates that precession rotation is present in species 3, 4, and 5 and that species 3 and 5 also exhibit one-dimensional rotation. The C s -C bond in species 4, similar to the recently discussed C 6 H 5 -CCH 2 bond [40] , has strong double bond character that produces high barriers to torsional motion, and hence this motion was modeled as a harmonic oscillator. Sensitivity of the computed rate constants to the treatment of internal rotations in species 3, 4, and 5 was examined by considering five test cases: case A was as described in Section 2.2 with I 2 equal to I 1 ; case B was the same as case A except that barriers to rotation were set to zero; case C set I 2 to half I 1 ; case D set I 2 to twice I 1 ; and case E treated the precession modes by the harmonic oscillator approximation.
The 1 atm overall migration reaction rate constants computed for all test cases deviate from each other by less than 4%. This result may seem surprising considering the difference one sees in microcanonical rate constants for such varied treatment of internal rotations. However, the low sensitivity can be explained by the fact that the rate limiting step of this reaction system is β-scission, reaction step 2 → 3, which is not affected by the treatment of internal rotation. Even the extreme case of treating the precession rotation by the harmonic oscillator model does not significantly affect the resultant rate constants. We conclude that the overall rate constants are not significantly affected by the details of the treatment of internal rotations, and on the basis of this conclusion the remainder of the MultiWell calculations was performed with I 2 set to I 1 and free rotation of one-dimensional internal rotors.
Combination of cyclopenta rings
A mechanism was constructed for the combination of cyclopenta groups, reaction (2) Torsional motion of the -C 2 H x group was identified in species 10, 11, and 13 and was treated as a one-dimensional free rotation. Similar to the treatment of species 4 discussed earlier, the torsional motion of the adsorbate of species 12 was modeled as a harmonic oscillator. Species 10, 11, 12, and 13 were found to exhibit precession rotation.
We had anticipated that the graphene edge molecular complex composed of adjacent fiveand six-membered rings would result in strained geometry, leading to graphene sheet curvature thereby relieving the strain. This expectation was partially confirmed-the B3LYP/6-311G(d,p) geometry of product species 16 ( Fig. 3 ) does show deformation of the surface and substrate rings. However, this deformation does not produce sheet curvature but largely in-plane distortion of rings adjacent to the cyclopenta ring (such as six-membered rings 9-14 and 15-21 in Fig. 3 ). Such ring distortion exists in all the species to some extent but is most pronounced in species 16. As a measure of the relative deformation, the angle formed by substrate carbon atoms labeled 7, 9, and 11 in Fig. 3 is calculated to be 8.9º for species 16 and 6.2º for species 8.
It is possible that still larger graphene sheets may experience bending due to a more constrained environment of cyclopenta rings, a subject of future research as calculations of such larger molecular substrate models become computationally feasible at a reliable level of quantum theory.
The reaction rates for production of 16 by thermal decomposition of 9 and by chemically activated combination of H-atom with substrate species 8 are shown in Tables 1-4 . The chemical activation rate constants showed no substantial pressure dependence indicating that the high pressure limit for these reactions has been reached and hence the derived rates are applicable to reactions occurring on larger substrates, consistent with previous results [17] . Inspection of the results reported in Tables 1-4 indicates that the computed cyclopenta combination reaction rates are of the same order of magnitude as those of cyclopenta migration.
This result should not be surprising in light of the energetic similarity of the two pathways. The near equality of cyclopenta combination and migration rates indicates that, for conditions at which the migration reaction dominates, migration of multiple rings will lead to a significant number of cyclopenta collision events. Furthemore, the product of the cyclopenta combination reaction, species 16, is relatively thermodynamically stable-the equilibrium constant of 8 = 16
is computed to be 16.5 at 1500 K and 5.1 at 2500 K.
The previous work [17] concluded that migration of five-membered rings along the edge and formation of six-membered rings at the corners of the zigzag edge were the key mechanistic features determining surface growth rates and morphology. Without cyclopenta collisions, the layer buildup originates at the corners of a zigzag edge and spreads across the edge as migrating cyclopenta rings transform into six member rings upon reaching the six-membered-ring corner, . This "inside-out" layer building mechanism will result in incorporation of fivemembered rings into the graphene sheet, which in turn can lead to sheet curvature or formation of surface inactive sites at the next layer. The next question to answer, though, is the kinetic stability of the cyclopenta combination product, species 16: will it rapidly add another sixmembered ring, thus "forcing" sheet curvature and continuation of graphene edge growth, or will it decompose back to migrating cyclopenta rings? These and related reaction pathways will be a subject of our future investigation.
Conclusions
The present results identify two new mechanistic features of aromatic-edge growth:
(1) combination of (migrating) cyclopenta rings forms a relatively thermodynamically stable species that can serve as a middle-edge nucleating site, and (2) desorption of migrating cyclopenta rings is intrinsically coupled to the migration reaction pathway. Both of these new processes are comparable in rate to cyclopenta migration, which calls for establishing these mechanisms in fuller detail. The latter knowledge will bring us closer to detailed kinetic Monte Carlo simulations of graphene edge buildup, the rate of appearance of surface defects, and the amount of surface curvature. 
